The flow field and heat transfer investigation of water jet impingement on a solid block is numerically analysed for various Reynolds numbers using commercial finite volume-based method. The purpose of this simulation is to investigate the effect of Reynolds number on flow field and heat transfer. In the present investigation, it is observed that the reattachment length increases with the increase of Reynolds number. The number and size of vortices increase with the increase of Reynolds number. The horizontal velocity profiles for various regions in computational domain are used to predict where the flow gets developed. The bottom wall Nusselt number grows when the Reynolds number increases. The peak Nusselt number occurs at the stagnation point of jet impingement.
Introduction
Impinging jets are widely used in cooling of electronic equipments like computer processing unit (CPU), electronic chips. Because of high convective heat transfer done by jet impingement, it is largely used in industries. It is also applicable in industries where it can be used in turbine blade cooling, drying of paper and textile. In order to optimise the heat transfer process, the flow parameters like reattachment length, vortex centre and jet to surface spacing are to be found out. So in the present investigation the flow field parameters which are affecting heat transfer process like reattachment length, vortex centre and horizontal velocity profiles are predicted for various jet velocities. Impinging jets are mainly classified into confined jet and unconfined jet. It is very difficult to simulate unconfined jet due to absence of top wall or confinement surface. So in the present investigation the top wall or confinement plate is considered for the jet impingement, in order to avoid the difficulty in simulation process. The jet configurations are also classified into circular jets and slot jets. In the present investigation, the slot jets are used which are having high convective heat transfer coefficient. Royne and Dey (2007) have proposed a device based on liquid jet impingement on a densely packed PV cells under high concentration. It is found out the local and average Nusselt number for various configurations and the best model is also suggested. Banooni et al. (2008) performed study on impingement study on baking of breads. From the investigation, it is found out, that the bread properties are improved because of better cooling effect offered by jet impingement. They proved that the impingement process is applicable for food industries. Kohing (1985) has done water jet impingent on iron steel industries. He found out the effect of cooling by water for various aspects. Rahimi-Esbo et al. (2012) numerically simulated confined nano jet for different aspect ratios. They found out the upper wall Nusselt number and lower wall Nusselt number for different aspect ratios. Ersayın and Selimefendigil (2013) numerically investigated the effect of volume fraction, pulsating frequency, and velocity of moving plate on heat transfer. It is found out that the location of peak Nusselt number has occurred at the stagnation region. David et al. (2012) performed a numerical investigation on laminar forced convection due to sudden expansion. It is identified that the bottom wall recirculation is strongly dependent on the volume fraction and different types of nano particles. Manca et al. (2011) has done numerical investigation on confined slot jet using water -alumina fluid. It is observed that 18% increase in heat transfer while using 6% of volume of nano particles. Yousefi-Lafouraki et al. (2014) numerically investigated the laminar forced convection on a confined slot jet in a converging channel. It is concluded that the vortex size increases with the increase of jet to impingement surface, Reynolds number and converging angle. Fenot et al. (2015) investigated on multi channel impinging jet. It is observed that the swirling effect principally affects ambient air entrainment into the jet and consequently effectiveness.
The objective of the present study is to find out the flow field investigation as well as heat transfer investigation while water jet is impinging on a solid block. The flow field parameters like reattachment length, detachment length, vortex centre and heat transfer parameters like average Nusselt number in solid block and in downstream location are found out.
Numerical simulations

Physical model
The schematic of the present investigation is shown as Figure 1 . In the present investigation the water is considered as fluid. The 2D laminar incompressible fluid approach is adopted in this investigation. For the sake of simplicity, the present computational domain is considered as a single phase fluid approach. The block height (h) and width (w) are considered as constant and equal to 0.5.The jet width is set as 0.5 in order to have the hydraulic diameter (D h ) as the unity. The uniform velocity profile is taken at the entrance of the jet. In the present simulation, the bottom wall is at higher temperature compared to top wall (or) confinement wall. The length of the physical model is taken as 20D h in order to have fully developed flow at exit. The length of the domain in Y direction is considered as 2.5 and also it is a constant one. The aspect ratio is considered as 5 which is the ratio between length of the domain in Y direction (L y ) and jet width (W). A jet emerges from the slot nozzle and impinges on the block and reattaches on the bottom wall. The different Reynolds numbers (5, 10, 20, 50 and 100) are carried out in the investigations. The vortex (or) recirculation formed nearer to the block is called adjacent vortex. The vortex formed on the top wall is called primary vortex and the vortex formed on the bottom wall is called secondary vortex. The size and number of vortices are invariably dependent on the jet velocity. 
Assumptions
The density and viscosity of water are assumed as constant. The no slip boundary condition is adopted in the top and the bottom walls. The flow is assumed as two dimensional, laminar and incompressible. Body forces acting on the fluid are neglected, because at such low velocity, their effect on the flow regime is negligible. The jet width (W) is taken as 0.5 for all the cases, in order to have a hydraulic diameter as the unity (D h = 1). Non-conjugate heat transfer is adopted i.e., the thickness of the bottom slab of the bottom wall in heat transfer is neglected, and the block surface as well as the impinging plate as a whole is assumed to be maintained at a constant temperature that is higher than that of the inlet jet and upper confinement plate.
Governing equations
The two-dimensional laminar incompressible fluids are represented in the following equations (David et al., 2012) .
• Continuity equation:
The non-dimensional variables considered for this problem are, The term θ s is always 1 for the non-conjugate case, i.e., the effect of the slab thickness is neglected. Here the temperature of the wall is assumed as the temperature of the hot fluid (T w = T h ).
Commercial packages used and validation work
The fluid flow, impinging on the solid block, reattaches on the bottom wall and attains fully developed flow at exit condition.
The Gambit software (pre processor) is used to generate the mesh inside the computational domain. Since there are no sharp curvatures the quadrilateral mesh has been used for the entire computational domain. The Fluent (12.0) software is used to analyse the different types of flow situations. Tec plot (post processor) is used to visualise the flow for various Reynolds number and for the flow pattern at various place in computational domain. Table 1 compares the centre of primary vortex in x coordinate produced by present algorithm with the result of Sivasamy. Table 2 compares the centre of primary vortex in y coordinate produced by present algorithm with the result of Sivasamy. Table 1 and Table 2 show the present results which are in good agreement with Sivasamy results.
Results and discussions
Flow field investigation
In the present investigation the flow field is analysed for various Reynolds number like Re = 5, Re = 10, Re = 20, Re = 50 and Re = 100. From the flow field investigation it is found out that with the increase of Re the number of the vortices increase. From Figure 4 , it is predicted that when the Reynolds number increases the size of the vortices also increases. For low Reynolds number there is no formation of secondary vortex. The stream lines are parallel to each other which depicting the flow as a developed one at the exit. While increasing the Reynolds numbers the vortex centres are also moving in downstream direction. After the water impinging on the solid block the water reattaches on a lower plate. Nearer to the block due to low pressure region the adjacent vortex is formed. The primary vortex is formed due to the entrainment effect and secondary vortex is formed due to increased frictional force and retarding the effect of primary vortex. Figure 5 shows the horizontal velocity profile for various Reynolds numbers at various places in computational domain. The parabolic profile at X = 20 represents that the flow developing one at exit. The negative magnitude of velocity represents the vortex formation in the computational domain. For lower inertia force the flow attains fully developed condition at earlier stage and for higher inertia force the flow attains fully developed condition before the exit. The negative velocity represents in the confined wall represents formation of top wall vortex. 
Horizontal velocity profile for various Reynolds numbers
Effect of Reynolds number on vortex centre
Tables 3, 4 and 5 represent the vortex centre for adjacent, primary and secondary vortices. From the table it is noted that for the low Reynolds number there is only adjacent vortex. By increasing the Reynolds number only the primary and secondary vortices are formed. From the table it is concluded that the vortex centre are moving in downstream direction with the increase of Reynolds number. From Tables 3, 4 and 5, it is concluded that there is a dominant change in primary vortex centre and secondary vortex centre as compared to adjacent vortex centres.
Effect of Re on reattachment lengths
The most fluid impinges on a solid block which is called stagnation region and the fluid reattaches on the bottom wall which is called reattachment point. The distance between the stagnation point and reattachment point is called reattachment length (X r1 ). When the Reynolds number increases from 5 to 20, there is a detachment of fluid. Some of the fluid gets separated and it reattaches on the top wall which is called reattachment length (X r2 ). From Table 6 , it is noted that the reattachment lengths (X r1 and X r2 ) are direct dependents on Reynolds number. The reattachment lengths increase with the increase of Reynolds number. 
Heat transfer investigation
In the present investigation, the heat transfer is examined for the top of the block and downstream of the computational domain. It is predicted that the Nusselt number in the average Nu of top of the block surface i.e. impingement surface is higher compared to the average Nusselt number of the downstream location of the computational domain. From Figure 7 , it is noted that there is a steep increase in heat transfer rate up to the Reynolds number of 100. Then there is a slowdown in heat transfer with further increase of Reynolds number. From the previous studies, it is predicted that the maximum Nusselt number occurs at the stagnation region i.e. on the block. Figure 7 reveals that the average Nusselt number at the stagnation point is higher than average Nusselt number of downstream location. 
Conclusions
The flow field investigation and heat transfer investigation along the jet impingement on a solid block is presented. In case of flow filed investigation the vortex centers, reattachment lengths and vortex sizes are direct dependent on Reynolds number. In case of heat transfer investigation, the Nusselt number is higher in the stagnation region i.e. impingement region compared to downstream location of the computational domain.
